Nowadays, it is common to use colored concrete or mortar in prefabricated concrete and reinforced concrete construction elements. Within the scope of this study, colored mortars were obtained with the addition of brown, yellow, black, and red pigments into the white cement. Those mixtures are examined for their compressive strength, unit weight, water absorption, and freeze-thaw resistance. Subsequent to comparison of these properties, a cost optimization has been conducted in order to compare pigment costs. The outcomes showed that the pore structure in architectural mortar applications plays an important role in terms of durability. And cost optimization results show that light colored minerals can be used instead of white cements.
Introduction
Colored concrete is an architectural design element which is produced as a response to the unaesthetic outlook of traditional concrete. White cement and colorants are used in order to obtain colored concrete. However, it offers an aesthetical look, and colored concrete has some physical disadvantages such as efflorescence and low processability [1] .
Use of colored concrete in mortar and concrete block, cement-based roofing materials, and precast concrete applications has been increasing recently. Colored concrete applications use pigments for durable color [2] . Hematite (red, orange, and purple), goethite (yellow), lepidocrocite (brown), calcite and dolomite (white), celadonite and malachite (green), quartz (white and translucent), and many others have been used as pigments since the antique ages. On the other hand, litharge (red), massicot (yellow), red lead (orange), and chrome oxide (green) are being used as synthetic pigments [3, 4] .
Pigments are powdered material with finer grains compared to cement. Pigments used with cement-based composites are sieved using sieve opening number 200. Thus, it is expected for the mixtures water/pigment ratio to be higher for a specific thickness. Nevertheless, pigment's size and surface properties also have an impact on the water/pigment ratio. Pigment's water requirement and dosage are among the important factors predicting its colour durability. Pigments also have an impact on the concrete shrinkage [5, 6] . Properties such as setting time, lightfastness, durability, mechanical properties, heat resistance, and soluble salt content gain importance in colored concrete. The cast system and the release agent used are of importance for a successful colored concrete application along with the aforementioned properties [7] [8] [9] [10] [11] . Cohesion of the mortar is increased when pigments are used in the mortar mixture [12] therefore reducing filler material ratio used in the mixture [13, 14] .
Lee et al. [15] , in a study conducted on keyed concrete blocks using iron oxide pigment as colorant, stated that the pigment/cement ratio must be less than 4%.
Bruce and Rowe [5] used inorganic pigments as colorant and found that these pigments are 10 times finer than cement. Thus, they found a decrease in the viscosity and thickness of mortars.
Jang et al. obtained colored mortars using white cement, blast-furnace slag and inorganic pigments. Viscosity of the mortar was decreased with the addition of pigments, yet it was improved with the addition of blast-furnace slag. However, addition of blast-furnace slag also alleviated the efflorescence problem therefore increasing the long-term durability [1] . Colored mortars were obtain under laboratory conditions with the addition of brown, yellow, black, and red pigments into white cement in this study. The cement mortars obtained are examined for their compressive strength, unit weight, water absorption, and freeze-thaw resistance.
Material and Method
CEM I 52.5 R (White Portland Cement) manufactured by Ç imsa cement manufacturing plant which complies with the TS EN 197-1 and ASTM C150 standards was preferred for the cement applications. The chemical and physical properties of CEM I 52.5 R cement are shown in Table 1 . Polycarboxylate based third generation water reducer was used as the chemical agent.
Silica sand of AFS 80 to 100 (AFS is obtained by multiplying the sand grammage per sieve and DIN factor for each sieve and then division by the total grammage) was chosen as the aggregate to be used in the mixtures. Properties of the silica sand are given in Table 2 .
Fe 2 O 3 based 4 different pigments were used for the architectural mortar application. Technical specifications of the pigments used are given in Table 3 .
Mortars obtained during the experiments were cubic samples of 5 cm × 5 cm × 5 cm dimensions. Materials used in the preparation of the mixtures are given in Table 4 (for  1 m 3 ). Slump value was taken 4 cm for all the mixtures. For slump test, a cylindrical funnel (height: 60 mm, inner radius: 57 mm, and outer radius: 65 mm) is used. The mortar its initial conditions such as freezing and overheating. This type of test puts the concrete specimen through a series of extreme and rapid temperature changes it may face during the transportation and utilization processes. Following every 30 cycles, specimen dimensions and weights are checked and compared with the specimens which are not tested under dynamic temperature changes. Dynamic stability factor was calculated (ASTM C 666: DSF = / ; : dynamic elasticity factor after cycles; : cycle number allowable for decreasing ; : total cycle number) and the results are obtained under the acceptable limits. Compression tests were also performed on the samples before and after the freeze-thaw cycle.
Aggregate, pigment, and cement were dry mixed in the coloured mortar production process with pigment addition. Dry mix procedure took approximately 30 seconds. The mixture was then stirred for 2.5 minutes following the addition of water.
Cost Analysis and Optimization
Cost optimization of the pigments becomes very important depending on its high costs comparing the other ingredients of the mortar. Full factorial experimental design (Minitab ver. 17 demo) was chosen due to the few test quantities. This design method is a good choice when the resources are limited. This experiment also allows the user to examine the effect of each factor on the response data. This study does not comprise the cross-sectional optimization of the final products. Further development and implementation of this approach can be taken into account for further researchers. Mixture features of the mortar using concrete pigments are shown in Table 5 .
An optimization survey was conducted in order to identify the optimal pigment to be used in colored concrete production. For this purpose, 12 different functions were used and their properties are given in Table 1 . These functions are maximized for strength and durability properties. Unit weight was maximized taking maximum compactness criteria into consideration. Factors such as water absorption, loss of strength, and cost were minimized. Four different models were created for 12 different functions as part of the optimization process. These models are summarized in Table 2 . The first model involves the optimization of the concretes only by their physical properties ( ). The second model involves the optimization of concretes by their physical properties ( ) along with their F-T resistance ( ). The third model involves the optimization of concretes taking the loss of strength ( ) into consideration following the freeze-thaw cycles. The fourth model, on the other hand, defines the optimal mix according to the cost factor ( ). The summary of the models can be shown in Table 7 .
First Model. The first model involves the optimization of the concrete samples only by their physical properties. Optimization results showed that the optimal mix is the one prepared using black pigment. Table 3 compares the black pigment mix and reference mix. The results obtained from the first model are represented in Table 8 .
Second Model. The second model involves the optimization of concretes samples by their physical along with their durability properties. Black pigment was found to be the optimal mix according to the second model. Table 4 compares the black pigment mix and reference mix. The results achieved from the second model can be obtained from Table 9 .
Third Model. The third model involves the optimization of concretes samples by their physical properties along with their durability properties and their loss of strength. Yellow pigment was found to be the optimal mix according to the third model. Table 5 compares the yellow pigment mix and reference mix. The results obtained from the third model are represented in Table 10 .
Fourth Model. The fourth model involves optimization of the concrete samples by all the functions included in the other models and also the cost function. With the inclusion of the cost function, reference mix was found to be the optimal mix. Table 6 shows the function properties of the reference sample. The results obtained from the fourth model are represented in Table 11 . 
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Results and Discussion
Compressive strength tests were conducted on the 1st, 7th, and 28th days for the mortars with and without pigment additive and the results obtained are shown in Figure 1 . Mortars obtained using brown, yellow, and black pigments delivered very high performance when compared to the reference sample in the tests conducted on the 1st, 7th, and 28th days. However, red pigment use has led to a decrease in compressive strength for the tests conducted on the 1st, 7th, and 28th days. When the compressive strength values for the 28th day were examined, it was found that the addition of black pigment has increased the compressive strength by 2.5% when compared to the reference mortar.
Coloured mortars were then subjected to 100 F-T cycles after being cured for 1 day, 7 days, and 28 days. Compressive strength values obtained after these tests are shown in Figure 2 .
Mortar samples which were subjected to the F-T effect after one day of curing have shown 14.4% loss of strength for the reference sample, while this value was in a range between 16 and 20% for the samples with pigment additive. Loss of strength decreased for the samples which were cured for 7 days as the hydration process is continued. The reference sample has shown 6.4% loss of strength after the freeze-thaw cycles conducted on the 28th day. This percentage was 8% for the brown mortars, 7.2% for the yellow mortars, and 7.1% for the black mortars. Freeze-thaw results obtained from the mortar samples with red pigment additive, on the other hand, were on the contrary. Red mortars were negatively affected by the F-T process on the 1st and 7th days, yet this effect was not observable on the 28th day.
The impact of pigment type on the water absorption and unit weight is shown in Figure 3 . As we can see in Figure 3 , results obtained from the mortar produced using brown pigment were the closest to the reference sample. Water absorption ratio increases with the increasing pore ratio of the mortar samples. This predicts the high water absorption level and low unit weight obtained from the red mortar. However, both water absorption level and unit weight of yellow mortar were higher than the brown mortar. The impact of pigment type on the F-T process (obtained from samples cured for 28 days) is shown in Figure 4 .
As we can see in Figure 4 , black mortar with the lowest water absorption level was the one which delivered the highest compressive strength after 100 F-T cycles. Red mortars gave the lowest compressive strength values before F-T process, yet an increase in the strength was observable after the cycles. Pore structure increases with the increasing water absorption levels while compressive strength decreases.
It was found that the impact of F-T cycles was diminished with the decreasing water absorption capacity and increasing unit weight. The findings of this study are in line with the previous experimental studies available in the literature.
Previous research suggests that strength and durability properties are negatively affected by the increasing pore structure of the mortar. The experimental study showed that the pore structure in architectural mortar applications plays an important role in terms of durability.
Conclusion
This study investigated the F-T resistance of architectural mortars obtained using pigments with different properties. The results obtained from this experimental study are detailed below.
It was found that brown, yellow, and black pigments contributed to the compressive strength, yet the red pigment had an adverse effect on the compressive strength resulting in loss of resistance. Strength and durability tests showed that the black mortar has superior properties when compared to the reference sample.
Low water absorption level and high unit weight which are the characteristics of black mortar suggest that black mortar has a limited pore structure. In the light of these findings, it is clear that the use of black pigments in architectural mortar production will improve its strength and durability properties to a point superior to the mortars produced using other pigments.
The strength values of mortars produced using red pigments obtained from the 1st, 7th, and 28th days were lower than the other mortars. It was found that the addition of red pigment increases the pore ratio in the mortar according to the unit weight and water absorption analyses. The increase in the pore ratio negatively affects the strength and durability properties of the mortar.
Additional measure might be taken in order to increase the mortar strength when red pigment is used (i.e., reducing water/cement ratio). Air entrainer admixture must be preferred for freeze-thaw resistance.
It was found that the use of pigments in architectural mortar applications (except for red pigment) contributes to the strength of the mortar, therefore having an impact on the 6 Advances in Materials Science and Engineering freeze-thaw resistance of the material. When the strength loss is assessed, it would be fair to say that coloured mortars with similar properties to the reference mortar are resistant to the freeze-thaw effect.
It would be possible to obtain stronger, coloured architectural building elements with additional measures (i.e., air entrainer use) when severe freeze-thaw effect is in question. The impact of water absorption and unit weight on freezethaw process was found to be similar with the available literature results and proved the importance of the pore structure.
The use of yellow and black pigments has a positive effect on the strength and durability properties of concrete. Pore ratio was decreased leading to reduced water absorption values when black and yellow pigments were used. Overall, the use of any pigment has a positive effect on the strength and durability properties of concrete. Optimization results showed that the optimal pigments are black and yellow pigments. However, it was found that colored concrete cannot match the economic advantages traditional concrete offers when cost factor is brought into the equation. One of the most significant drawbacks of colored concrete is the unit price of pigment. Therefore, the use of pigments increases the unit cost of concrete having a direct impact on construction costs. Thus, the unit costs may be reduced to a point with the optimization of other material ratios. Particularly, lowcost materials such as light-colored mineral admixtures can be used instead of costly white cement.
